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Surface-enhanced Raman scattering (SERS) 1is a recoss  in
which the Raman scattering cross section of molecules adscrbead
onto the surfaces of metals such as silver, copper, and gold 1z
increased by as much as s=ix orders of magnitude. However, the
enhancement is short-range and is restricted to the first fcw

P o

layers of molecules adjacent to the surface. As a result, SERS

-~

can be used to characterize adsorption of organic compounds onto
metals and can be used for non-destructive characterization of
interfaces between polymer films and metal substrates as long as
the polymer films are not so thick that normal Raman czcattering
from the bulk of the film 1s more intense than SLRE from the
interface. SERS spectra were obtained from bilayers prepared by
spin-coating thin films of polymers such as polystyrene cnto
silver island films and then overcoating them with much thicker
films of a second polvmer such as polystyrene sulfonate. 7The
spectra were characteristic of the films adjacent to the silver
and not the overlayers as long as the thickness of the films
adjacent to the substrate was more than about 100 A in thickness.

SERS spectra obtained from thick films of an acrylic adhesive

snin-coated onto silver were identical tec normal Raman spcctra of
salts of saccharin, a component of the cure system, and to SERS
to the

spectra of saccharin, indicating that saccharin segregated
adhesive/substrate interface and adsorbed onto the substrate by

dissociation.




I. Introduction

Surface-enhanced Raman scattering (SERS) 1s a phenomenon in
which the Raman scattering cross section of molecules adsorbed
onto the roughened surfaces of certain metals is enhanced by ag

6 compared to the cross section for normal Raman

much as 10
scattering. Although many theories of SERS have been repcrted,
it now appears that two mechanisms are responsible for most of
the enhancement (1). One mechanism is assoclated with the largs
electric fields that can exist at the surfaces of metal particles
with smell radii of curvature and is only cobtained for natals for
which the complex part of the dielectric constant 1is small (1).
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The other mecha.uilsn is related to distorticons o
polarizability of the adsorbed molecules by formation of charyc
transfer corplexes with the metal surface [1]. Charae transfer
couplexes are asscciated with sites of atcomic scale roughness on
the surface [2]. As a result, enhancement due to the charge-
transfer mechanism 1is restricted to the molecules imnediately
adjacent to the substrate but enhancement due to electromagnetic
mechanisms may extend a few molecular layers away from the metal
surface. The important features of SERS are that the enhancement
is very large and sliort range.

SERS was first reported for pyridine adsorbed onto silver
electrodes [3]. Since then, SERS has been observed frem a large
nunber of other small molecules including benzoic acid [4, 5],
terephthalic acid [6], p-nitrobenzoic acid ([7-9], and p-
aminobenzoic acid [10-12]. SERS has been reported from mnetals

such as copper ({13, 14] and gold ({13] in addition to silver and




in a number of configurations such as island films [15] and sols
[16] in addition to electrochemical cells. An excellent summary
of the work done in this field prior to 1982 has been presented
[17].

Considerably 1less attention has peen paid to SERS of
polymers, at least in part because of the rapid oxidative
degradation that is frequently observed for thin polymer films on
metals during intense laser irradiation. Recently, however, we
have shown that the degradation of poliymers auring SERS
-experiments can be controlled by increasing the thickness of the
polymer films [18] or by overcoating the films with thicker films
of a second polymer which restrict the supply of oxygen at the
metal surface {19].

During the course of that work, it was determined that the
normal Raman scattering by the bulk of a polymer film a few
hundreda angstrows in thickness is considerably less intense than
the SERS from a film only a few tens of angstroms in thickness
deposited on a SERS-active substrate [19]. As a resuli, SENS has
emerged as a powerful new technique for non-destructive
determination of the molecular structure of interfaces between
peclymers and SERS-active metal substrates. The primary purpose
of this paper is to describe results that we have obtained using
SERS to determine the molecular structure of interphases between
bimolecular polymer lavers deposited on silver substrates and

between model adhesive systems and silver.




II. Experimental

Substrates for SERS were preparcd by ~low thernal
evaporation of silver island films onto glass slides. In scne
cases, the slides were cleaned by immersion in a mixture or
chromic and sulfuric acids for an hour, rinsed, and dried in
nitrogen. In other cases, slides were cleaned by immersion in
NaOH solutions for one hour, removed, rinsed in dilute
hydrochloric acid solutions, and blown dry in a stream cof
nitrogen. Silver was evaporated onto the slides at a rate cof
about 1 A per second to a firnal thickness of about 45 2 in a
vacuum chamber equipped with sorption, sublimation, and ion pumps
and a quartz crystal oscillator thickness monitor.

Polymers such as polystyrene, polystyrene sulfonate, poly
(4-vinvlpyridine), and poly (a-methvlstyrene) were obtained frcnm
Aldrich Chemical Company. Diglycidyl ether of bisphenol-A (DER-
332) was obtained from Dow Chemical Company. Low molecular
weight compounds such as benzoic acid, sodium benzecate, and the
sodium salt of o-benzoic sulfimide (saccharin) were also obtained
from Aldrich. A model acrylic adhesive system consisting cf the
monomer triethyleneglycol dimethacrylate (TRIEGMA) and a curing
system containing saccharin (BS), acetylplienylhydrazine (2PH),
and cumene hydroperoxide (CHP) was obtained from Loctite
Corporation. All materials were used as-received.

Thin films of the adhesive, polymers, or low molecular
weight compounds were deposited on silver island films by spin
coating from dilute solutions. In a few cases, films were spun

onto silver island films from the undiluted adhesive.




SERS spectra were obtained using a spect. meter equipped
with a Spex 1401 double monochromator, ITT FW~130 photomultiplier
tube, Harshaw photon counting electronics, and a Spectra-Physics
Model 165 argon-ion laser. the slits of the monochromator were
set for a spectral resolution of 10 cm” L. The laser beam was
incident on the SERS samples at an angle of 65° relative to the

normal to the sample surface and was polarized perpendicular to

the plane of incidence. Scattered light was collected by an
£/0.95 lens and focussed onte the entrance slit c¢if the
monochromator. Spectra were obtained using the 514% A line of

the laser, a scan rate of 50 cm”l/min, and time constant of 10
sec.

jormal Raman spectra were obtained using the same instrument
and techniques that have been described previcusly [Z01]. The
laser beam was focussaed onto a small amount of liquid or powdered
sample supported in a capillary tube and the scattered light wa:s
collected as described akove. However, in this case the spectral

~1it width was about 2 cm™ 2.

IXY. Results and Discussion
A. SERS from polymer bilayers deposited on silver

As indicated previcusly, relatively few investigations of
SERS by polymers have been reported. The reasons are at least
partly related to catalysis effects by the substrates. When thin
films of many polymers are deposited onto silver island films and
expcsad to intense laser irradiation duving SERS experiments, an

oxidative degradation reaction occurs resulting in the formation

e
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For exanple, when poly (e-methylstyrene) [1ins were opins
coated onto silver islands and then irradiated at different lascr
powers, the SERS spectra shown in Figure 1 were obtained. When
the laser power was low, the Raman lines  from peolvw (o=
methylstyrene) near 1040 and 1010 ¢ & were weak as  wierw  The
lines due to graphitic species necar 1600 and 1100 «m ~. A5 the
power was increased, the intensity of the lines nonr 1040 and
1010 cm™ ! increased but that of the iines near 1600 and 1403 cn °
increased faster.

The oxidation of polymers during SERD exporiminis

radical process and can be innibited by blendirg 4 »xall antunt
of an oxidation 1nhibitor such as <-nothyl-2,c-di-tevo-nutyl

phenol with the polymer bkefcore it 1s spun cnto thn Sublatrats
[137. However, the oxidation can alsc be 1innibkited 1} = 31
increasing the thickness of the polymer f:iim 1 Thuo,  Tho
STRS spectra shown 1n Figure 2 were obtained frem Iilms < poly

(a-metnylstyrene) that were spun cnto silver lstand flilms fron
sclutions having different ccncentraticonc. The bhands near 1600
and 1400 cm + were weakest for films spun  from the wmcs
concentrated soluticns, indicating that those films underwent the
ieast oxidation. It was concluded that thicker {ilms iInhibited

)

oxidation by excluding oxygen frcm the surface of the subs
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It is interesting to note that the intensity of the Raman
lines of poly (e-methylstyrene) near 104G aud 101C ca ©  is

approximately the same for all the spectra shown in Figure 2 even




though the samgle films differed in thickness by approxinately an

crder of nagnitude. This dencnstrates that the Baman ciagna

[

cbserved in these experiments is independent o¢f the thickness of
he sample films and is a characteristic of the interface.  ‘Inuc
it w~. also be concluded that SERS can be uszed as o non-
destructive technique to determine the structure of polymer/metal

interfaces.

The strong Raman lines observed neasr 940 and 6310 cn in

re

“poectra shown 1n Figure 2 are due to sulfite species and are

rtifacts of the sample preparaticon process. As discuzond akcove,
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wn sonetimes prepare sanples bv evaporating silver lslond rilrc

cnto glass slides that have been cleaned in a mixture of
and sulfuric acids. However, 1t 1is difficult to remcve a3ll ot
the suliate ions from the glass surface by rinsing. Sorme sulfate

long are adsorked conto the silver and reduced to sulfite during

[y

The results zhown in Figqure 2 indicate that the Rarman signel
n FERS experiments on nolymer films originates mostly from the
interface and is independent of t(he thickness of the polymer

Silmo, we therefore coneidered that the SERS signal from

cilayers preparced by spinning a thin film of one polymer onto a
silvaer lsland tilm and then overcoating it with a second film of

» different polymer would consist mostly of scattering from the
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The GERS spectra shown in Figure 3 were cobtained fron
milavers prepared by spirning thin films of polystvrene onto

silver island films from acetone solutiorn.. and then overccating

~4




them with much thicker films of polysutyrene sultfon te

from aqueous colutions [1¢]. pands noor 1040 and 100

characteristic of polystvrene while a pand poar D000

characteristic of polystyrene sulfonate. Conoidaor

shown in Figure 3, it is evident that the bands chhroe

polystyrene (1040 and 1010 cm™ 1)

cm—lj were observed when the pclystyrene filme woeroe s

most dilute solutions. However, only the bands

1010 em™ ! that were characieristic of polystyrone
when polystyrene films were spun from the nool
solutions.

Similar results were obtalned for other bilo

4

poly (4-vinvlpyridine) {(vvP) onto silver island tiim:s

solutions in ethanol and then overcoating them with

of polystyrene sulfonate spun from aquecus cclutions

Figure 4 [19]. Bands characteristic of pciy ({4-viny

were cbhbserved in all the spectra. However,

characteristic of polystyrene sulfonate near 1140 o

observed when the PVP films were spun from the solutic

the lowest concentrations.

Another example 1is shown in Figure 5 for thin

IS

spectra obtained from bilavers precpared by cpinning th

ot

tilnms

and polystyrenc sullons
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diglycidyl ether of bisphenol-A (DGEBA) spun onto silver

fron solutions in acetone and then overccated with filnco
spun from adqueous solutions [19]. Raman spectra of

characterized by bands near 1120 2and 840 cm™l while,

above, spectra of PSS are characterized by bands near

v L
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820 cm™ L. Reference to Figure 5 indicates that the Raman lines
of the PSS overlayer were observed only when the DGEBA films were
spun from the most dilute solutions. When DGEBA films were spun
from more concentrated solutions, only the Raman lines near 1120
and 840 cm™ 1 that were characteris-ic of DGEBA were observed.

The results presented 1in Figures 3-5 confirm another
important characteristic of SERS from polymers. The observed
Raman signal is characteristic of the molecules adjacent to the
surface and not of the bulk films. This indicates that SERS can
be used for the non-destructive characterization of polymer/metal
interfaces without interference from normal Raman scattering by
the bulk of the polymer.

B. SERS from a model acrylic adhesive system deposited on silver

In order to test the application of SERS to the analysis of
polymer/metal interfaces, we next considered the model anaerobic
acrylic adhesive consisting of the monomer TRIEGMA and a redox
cure system composed of APH, saccharin or BS, and CHP [22}. This
adhesive is known to cure rapidly in the absence of oxygen and in
the presence of certain metals such as copper and iron. However,
cure in the presence of other metals such as aluminum and zinc is
much slower. We were interested in determining how the cure rate
was related to the interfacial chemistry.

Films were spun onto silver island films from the neat
adhesive and from 1% and 5% solutions of the adhesive in acetone.
The SERS spectra obtained from the films are shown in Figure 6.
There are several interesting aspects to these spectra. First,

the spectra all have approximately the same intensity even though




the films from which they were obtained had much different
thicknesses. This indicates once again that the SERS signal
observed from relatively thick polymer films is characteristic of
the interface and not of the bulk films. Moreover, the SERS
spectra observed for the acrylic adhesive have little resemblance
to normal Raman spectra of the monomer. Instead, they are
similar to SERS spectra of saccharin (see Figure 7).

Normal Raman spectra of saccharin are characterized by an
intense band near 1720 cm t that is assigned to the stretching
mode of the carbonyl group. However, the band near 1720 cm™ 1 is
not observed in normal Raman spectra of salts.

SERS spectra of saccharin and of the adhesive are
essentially identical to normal Raman spectra of the saccharin
salt. This indicates that saccharin in the adhesive segregates
to the interface and adsorbs by dissociation to form a salt.

The SERS spectra shown in Figure 8 were obtained when
saccharin was replaced in the adhesive with benzoic acid and the
adhesive was spun onto a silver island film from a 1% solution in
acetone. These spectra are virtually identical to SERS spect-a
of benzoic acid, indicating again that acidic compounds from tt
adhesive preferentially adsorb onto the metal substrate by
dissociation to form metal salts.

Results that we have obtained from x-ray photoelectron
spectroscopy (XPS) confirm that saccharin segregates to the
interface and forms salts during curing [23]. Salt formation is
also observed when saccharin is simply spin coated onto polished

metal substrates from dilute solutions 1in acetone [23]. The

10




metal 1ions in the salts of copper and iron may accelerate
polymerization of the monomer by undergoing cxidation while CHP

is reduced to form radical anions which initiate polymerization.

MR oy Mt (ntl) o (1)
lCH3 (l2H3
@C—O—OH + e -> @c—o-‘ + OH- (2)
| |
CH, CH,

APH may accelerate the cure by breaking down at the metal
surface to form radicals which also initiate polymerization. APH
may also oxidize while metal ions are reduced to their original

Mt (ML) em L5 mfR (3)
valence state, thus enabling reaction (2) to be repeated.
However, more work will be required in order to elucidate this
and other aspects of the polymerization of the acrylic adhesive.

IV. Conclusions

In surface-enhanced Raman scattering, the Raman scattering
cross section of molecules adsorbed at the surfaces of metals
such as silver, gold, and copper is increased by up to 10°.
However, the enhancement is confined to the first few adsorbed
layers. SERS can, therefore, be used for the ncn-destructive
characterization of interfaces between polymer films and metals
as long as the thickness of the polymer films is not so great
that normal Raman scattering by the bulk films is comparable in
intensity to the SERS from the interface. The thickness of
polymer film at which that happens depends on the Raman cross

section of the polymer and we have not carried out careful

11




determinations. However, present results indicate that films as
thick as about 1,000 A can be exanined.

The use of SERS for determining the structure of
polymer/metal interfaces has been demonstrated using bilayers.
When thin films of polymers such as poly (e-methylstyrene) were
spun onto silver islands and overcoated with thick films of
polymers such as polystyrene sulfonate, the observed SERS was
characteristic of the first film rather than the overlayer.

SERS spectra obtained from an acrylic anaerobic adhesive
system cured against silver were similar to normal Raman spectra
of salts of acidic components of the cure system such as o-
benzoic sulfimide (saccharin) and benzoic acid. These results
indicated that the acids segregated to the interface and adsorked
dissociatively. The metal ions in the salts are thought to have
an important role in the redox cure of the adhesive.
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Figure 1. SERS spectra obtained from poly (a—-methylstyrene)

films spin-coated onto silver island films from 1%
MEK solutions. The laser power was (A)-10, (B)- 25,
(C)-50, and (D)-100 mW. Reprinted with permission
from reference 18.
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Figure 2. SERS spectra obtained from poly (a-methylstyrene)
films spun onto silver island films from MEK solutions
having concentrations of (A)-0.5, (B)-1.0, (C)-2.0,
and (D)-5%. The laser power was 100 mW in all cases.
Reprinted with permission from reference 18.
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Figure 3. Surface-enhanced Raman spectra obtained from

polystyrene films spin-coated onto silver island films
from (B)-0.025%, (C)-0.05%, and (D)-0.1% solutions in
MEK and overcocated with polystyrene sulfonate films
spun from 2% aqueous solutions. The sample used to
obtain spectrum A was similar to that used for B but

without the overlayer. Reprinted with permission from
reference 19.
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Figure 4. Surface-enhanced Raman spectra obtained from poly (4-

vinyl pyridine) films spin-coated onto silver island
films from (A)-0.0125%, (B)-0.025%, (C)-0.05%, and
(D)-0.1% solutions in MEK and overcoated with
polystyrene sulfonate spun from 0.75% agueous

solutions. Reprinted with permission from reference
19.
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Figure 5. Surface-enhanced Raman spectra obtained from DGEBA

films spin-coated onto silver island films from (B)-
0.01%, (C)-0.05%, and (D)-~0.1% solutions in MEX and
overcoated with polystyrene sulfonate films spun fron
2% aqueous solutions. The sample used to obtain
spectrum A was similar to that used for B but without
the overlayer. Reprinted with permission from
reference 19.
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Figure 6. SERS spectra obtained when acrylic adhesive was spin-
coated onto silver island films from (A) - 1% and (B)
~ 5% solutions in acetone and (C) - from the bulk.
Reprinted

The laser power was 100 mW in all cases.
with permission from reference from reference 22.
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Figure 7. SERS spectra from saccharin spin-coated onto a silver
The laser

island film from a 0.1% acetone silution.
power was 100 mW. Reprinted with permission from

reference 22.
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Figure 8.

SERS spectra obtained when thea
benzoic acid substituted for sac
a silver island film and allowed
power was 100 mW. Reprinted with
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